A multiphoton excitation-based fluorescence fluctuation spectroscopy method, Raster image correlation spectroscopy (RICS), was used to measure the local diffusion coefficients of distinct model fluorescent substances in excised human skin. In combination with structural information obtained by multiphoton excitation fluorescence microscopy imaging, the acquired diffusion information was processed to construct spatially resolved diffusion maps at different depths of the stratum corneum (SC). Experiments using amphiphilic and hydrophilic fluorescently labeled molecules show that their diffusion in SC is very heterogeneous on a microscopic scale. This diffusion-based strategy was further exploited to investigate the integrity of liposomes during transdermal penetration. Specifically, the diffusion of dual-color fluorescently labeled liposomescontaining an amphiphilic fluorophore in the lipid bilayer and a hydrophilic fluorophore encapsulated in the liposome lumen-was measured using cross-correlation RICS. This type of experiment allows discrimination between separate (uncorrelated) and joint (correlated) diffusion of the two different fluorescent probes, giving information about liposome integrity. Independent of the liposome composition (phospholipids or transfersomes), our results show a clear lack of cross-correlation below the skin surface, indicating that the penetration of intact liposomes is highly compromised by the skin barrier.
INTRODUCTION
Understanding the penetration properties of substances across biological barriers is vital for many areas of research. In the particular case of human skin, the characterization of structural and dynamical processes occurring across the tissue barrier is necessary for a better understanding of healthy and diseased tissue conditions. This information is furthermore required when designing successful transdermal drug delivery strategies (Cevc and Vierl, 2010; Konig et al., 2011; Delouise, 2012) . Most studies focused on measuring transdermal diffusion/penetration of drugs have been carried out using Franz cells (Ng et al., 2010) or tape stripping (Klang et al., 2012) . Franz cell experiments provide information on bulk diffusion through the skin but lack spatial resolution. Tape stripping (combined with an appropriate analytic method) measures the average penetration of substances at different depths in the skin (Marttin et al., 1996) and, in some cases, may provide spatially resolved information (Lindemann et al., 2003) . Tape stripping is, however, inherently invasive, as the tissue must be destroyed to perform measurements. Furthermore, calibrating the amount of tissue removed is not trivial, as tape stripping can remove layers of the stratum corneum (SC) that originate from various depths because of furrows in the skin (van der Molen et al., 1997) . Alternatively, laser scanning confocal microscopy (van Kuijk-Meuwissen et al., 1998; Honeywell-Nguyen et al., 2004) or multiphoton excitation fluorescence microscopy (MPEM) (Kushner et al., 2007; Carrer et al., 2008) have been used to study transdermal penetration of fluorescently labeled substances in the intact tissue. These two techniques provide noninvasive, spatially resolved information of the probe's fluorescence intensity distribution in the skin, allowing, e.g., a determination of the depth of penetration of the fluorescent compounds. At present, however, the data obtained with all the aforementioned methods do not provide information on the local diffusion properties of the applied substances while penetrating the skin.
The objective of our work is to introduce a microscopybased strategy that provides spatially resolved diffusion information of fluorescent substances at different depths within the skin tissue. The approach uses a combination of MPEM imaging and Raster image correlation spectroscopy (RICS) (Digman et al., 2005a, b) . RICS can extract dynamical information and the amount of fluorescent particles using the inherent time and spatial information contained in laser scanning fluorescence confocal images. Briefly, a diffusing fluorescent particle will move in the image and be detected in multiple pixels, leading to a characteristic spatial extent. Information on the spatial extent of the particles can be extracted from the images by performing a 2D spatial correlation analysis from a region of interest. By knowing the characteristics of the confocal laser scanning microscope, such as pixel dwell time, line time, and pixel size, it is possible to extract the diffusion and concentrations of fluorescently labeled particles. Whereas MPEM facilitates deep tissue imaging with a low extent of photobleaching and photodamage (Masters et al., 1998; Kushner et al., 2007; Bloksgaard et al., 2012) , RICS provides stacks of 2D maps of the fluorophore's diffusion coefficient within the tissue (Vendelin and Birkedal, 2008; Gielen et al., 2009) . Furthermore, to discriminate between colocalization and joint diffusion of molecules, we use cross-correlation RICS (CC-RICS) to detect whether two different molecular species with two different fluorescent colors diffuse together.
Our study consists of two main parts. First, we obtained diffusion maps of fluorescent substances with different physical properties (amphiphilic or hydrophilic) within human skin SC. Second, we applied our approach to investigate the integrity of liposomes during transdermal penetration experiments into excised skin. Liposomes, generally large unilamellar vesicles (LUVs), are often used in the cosmetics industry and have been suggested as vehicles to transport and deliver drugs through the skin (Blume et al., 1996; Cevc, 1997 Cevc, , 2003 Cevc, , 2004 van Kuijk-Meuwissen et al., 1998) . Multiple studies have shown that deformable LUVs, the so-called Transfersomes, function as superior transdermal penetration enhancers (Cevc et al., 1995) . Although different techniques have been applied to document the penetration of the liposomes into the skin, such as transmission electron microscopy (Bouwstra and Honeywell-Nguyen, 2002; Honeywell-Nguyen et al., 2004 , tape stripping (Honeywell-Nguyen et al., 2004) , laser scanning confocal microscopy, and MPEM (van Kuijk-Meuwissen et al., 1998; Cevc et al., 2002; Alvarez-Roman et al., 2004; Carrer et al., 2008; Simonsson et al., 2011) , there is still no conclusive answer to the question of how the liposomes facilitate transdermal penetration of drugs (Cevc et al., 1998 (Cevc et al., , 2002 van Kuijk-Meuwissen et al., 1998; El Maghraby et al., 2006; Bahia et al., 2010) . By using a combination of CC-RICS (Choi et al., 2011) and MEFM imaging, we demonstrate that the ability to measure spatially resolved joint diffusion of two-color fluorescently labeled liposomes provides new information about the structural evolution of these carriers during transdermal penetration experiments.
RESULTS
Diffusion of free fluorescent probes in human skin SC Diffusion measurements of different fluorescent hydrophilic probes ([9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride (RhB), ATTO 647N Streptavidin (ATTO-647N-STREP), and tetramethylrhodamine dextran 3,000 MW (TMR-DEX)) and amphiphilic probes (Lissamine-rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (RhB-PE) and ATTO-647N 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (ATTO-647N-PE)) were performed in human skin SC using RICS. The average diffusion coefficients of these probes at a depth of 2-4 mm from the skin surface obtained by analyzing the whole image frame for several measurements (see details in the Materials and Methods section) were as follows: RhB, 0.72±0.10 mm 2 s . In particular, the diffusion values for the hydrophilic probes RhB, ATTO-647N-STREP, and TMR-DEX substantially differ from that observed in phosphate-buffered saline (PBS) buffer (420 ± 40, 74 ± 4, and 122 ± 10 mm 2 s À 1 , respectively, measured by fluorescence correlation spectroscopy (FCS)). Figure 1 shows how the diffusion data can be processed to Figure 1a shows a representative fluorescence intensity image, whereas Figure 1b shows a diffusion map of ATTO-647N-STREP of the central area of Figure 1a , obtained 2 mm under the SC surface. In Figure 1c , a typical spatial correlation of a fluorescent dye together with the fit of the data is shown. The diffusion map presented in Figure 1b is constructed by merging the spatially resolved diffusion information on top of the corresponding fluorescence intensity image (see Materials and Methods section). From the images, it is clear that the diffusion is heterogeneous across the volume sampled and that there is no clear correlation between fluorescence intensity and diffusion.
Liposome diffusion in PBS
Before applying the double-labeled LUVs or transfersomes to the skin, diffusion experiments were performed in buffer using both cross-correlation-FCS and CC-RICS. This was carried out with the aim to characterize the colloidal dispersions of LUV/ transfersome obtained after preparation/purification (see Materials and Methods section), i.e., to characterize their size distribution, efficiency of membrane labeling (RhB-PE or ATTO647N-PE), and encapsulation of the hydrophilic probes (ATTO-647N-STREP or TMR-DEX). ; RhB-PE, 3.20 ± 0.20 mm 2 s À 1 and 3.20 ± 0.20 mm 2 s À 1 for the cross-correlation. The slow diffusion observed for ATTO-647N-STREP (much slower than the 74 ± 4 mm 2 s À 1 of the free ATTO-647N-STREP in PBS buffer) confirms that the ATTO-647N-STREP is indeed encapsulated in the lumen of the vesicles. Control experiments showed that the addition of the surfactant Triton X-100 (final concentration 0.1%) resulted in a total loss of cross-correlation between the two fluorescent probes, suggesting, as expected, the breakup of the vesicles. In addition, it was observed that the diffusion coefficient of the hydrophilic probe increased to the value of the free probe in buffer (see Supplementary Figure S2b ATTO-647N-PE-labeled transfersomes, the encapsulated TMR-DEX, and for their cross-correlation. This result indicates that the encapsulated TMR-DEX (on average one per liposome) and the ATTO-647N-PE molecules (B5 per liposome) experience joint diffusion and are seen as one entity, i.e., a fluorescent particle whose fluctuations are correlated.
The diffusion coefficients measured in buffer (using both FCS and RICS) for the LUVs/transfersomes were in a range of 3-4 mm 2 s À 1 for the membrane dye, the hydrophilic dye, and the cross-correlation. This diffusion information corresponds to diffusing objects with a size distribution (vesicle diameter) of B120±20 nm. This size distribution is in good agreement with the size of transfersomes used in previous transdermal drug delivery experiments (Cevc et al., 1998; van KuijkMeuwissen et al., 1998; Cevc and Vierl, 2010) .
Diffusion of POPC LUVs in excised human skin SC
The diffusion of RhB-PE/ATTO-647N-STREP-labeled LUVs was measured by RICS and CC-RICS in the SC of excised human skin. On the surface of corneocyte clusters, the average diffusion was 0.47±0.25 mm 2 s À 1 for RhB-PE and 0.29±0.10 mm 2 s À 1 for ATTO-647N-STREP. However, a few of the measurements showed diffusion values of
, indicating the existence of freely diffusing vesicles on the skin surface, and in about half of the measurements it was possible to observe a very weak crosscorrelation between the fluorescent signals of the two probes. The G0 value of the RhB-PE was found to be B10 times smaller than the G0 value measured for ATTO-647N-STREP, a situation different from that observed in buffer, suggesting a change in the characteristics of the sample. Specifically, the lower G0 values of RhB-PE indicate that there are more RhB-PE molecules than ATTO-647N-STREP in the observation volume, suggesting vesicle rupture. The diffusion coefficient of the cross-correlation was 0.98±0.70 mm 2 s À 1 ; however, the values had a wide distribution and varied considerably from 0.33 to 2.5 mm 2 s À 1 (see Supplementary Figure S1d -f online.) Taken together, this information indicates the presence of a large fraction of fragmented vesicles coexisting with a small fraction of intact vesicles on the SC surface. The measurements were repeated at a depth of 4-6 mm from the surface of the skin (see Supplementary Figure S1g -i online). The average diffusion coefficients for RhB-PE and ATTO647N-STREP were 0.66 ± 0.08 and 0.27 ± 0.12 mm 2 s À 1 , respectively. Again, the G0 value of the RhB-PE was found to be B10 times smaller than the G0 value of the ATTO-647N-STREP. As indicated above, this result reflects that there is a higher concentration of RhB-PE molecules than ATTO-647N-STREP in the observation volume compared with that observed in buffer, suggesting rupture of the vesicles. Interestingly, these experiments show a total lack of cross-correlation (see Figure 2b) . Similar results were found for ATTO-647N-PE/TMR-DEXlabeled POPC LUVs, where again a total lack of crosscorrelation was observed at a depth of 4-6 mm from the surface of the skin (Figure 3 ). In addition, no measurable differences in the diffusion coefficients were observed between experiments performed with high and low concentrations of LUVs (see Materials and Methods section), suggesting that the diffusion process is independent of the concentration of lipids within the concentration range explored (Figure 3) . No measurable differences were observed between the 1-and 5-hour labeling for any of the samples (liposomes or transfersomes). Therefore, the presented data are representative of both conditions.
Diffusion of transfersomes in excised human skin SC
Diffusion experiments were also carried out using ATTO-647N-PE/TMR-DEX-labeled transfersomes in excised skin. The results were very similar to that observed for POPC LUVs (see Figure 3 and Supplementary Figure S3a , b online), with Figure 3 . Diffusion coefficients in the skin with their respective SD. ''Free dyes'' correspond to the diffusion of the free dyes obtained at a depth of 2-4 mm in the stratum corneum (SC). ''LUVs'' correspond to labeled POPC liposomes. ''TF'' indicates labeled transfersomes. The suffix '' þ '' corresponds to added unlabeled liposomes/transfersomes. ''FCTF þ '' stands for Franz cell with labeled and unlabeled transfersomes. The suffixes 0 and 6 mm denote the depth of the measurements under the skin surface. t-Tests of the free dye pairs ATTO-647N-STREP/RhB-PE and ATTO-647N-PE/TMR-DEX show a statistically significant difference between the measured diffusion coefficients (Pp0.001). Labels marked with an * indicate a statistically significant difference between the measured diffusion coefficients of the dye pair used (Po0.05). ATTO-647N-PE, ATTO-647N 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; ATTO-647N-STREP, ATTO 647N Streptavidin; LUV, large unilamellar vesicle; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; RhB-PE, Lissamine-rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; TMR-DEX, tetramethylrhodamine dextran 3,000 MW. The numbers used in the figure are found in Supplementary Table S1 online.
no observable cross-correlation at a depth of 4-6 mm from the tissue surface. In addition, as shown in Figure 3 , the diffusion process was independent of the lipid concentration used (labeled transfersomes vs. labeled plus unlabeled transfersomes, see Materials and Methods). As a control experiment, the ATTO-647N-PE/TMR-DEX-labeled transfersomes were injected B30 mm under the skin SC. These transfersomes were observed as bright diffusing particles, and a clear cross-correlation was measured between the two fluorescent probes, D ¼ 0.35±0.10 mm 2 s À 1 (see Figure 2c and Supplementary Figure S3d-f online) .
Diffusion of labeled transfersomes in excised skin in Franz cell experiments
To investigate whether or not the particular way to treat the excised skin (see Materials and Methods) may influence the measured diffusion coefficients, we decided to test our approach in experiments involving Franz cells. Again, the results (see Figures 2d, 3 , and 4) were similar to those of the experiments reported above, i.e., no cross-correlation was observed within the SC. Figure 4 shows representative diffusion maps for ATTO-647N-PE and TMR-DEX obtained with ATTO-647N-PE/TMR-DEX-labeled transfersomes at 4 mm under the SC surface, including a fluorescence intensity image of the measured area. The data show no correlation between the diffusion of ATTO-647N-PE and TMR-DEX probes. As a control, experiments were carried out by exposing skin mounted in Franz cells for 1, 5, and 24 hours to ATTO-647N-PE/TMR-DEX-labeled transfersomes. No measurable differences in the measured diffusion coefficients were found between the different time points.
DISCUSSION

Diffusion of free fluorescent probes in human SC
The results obtained from the experiments with the free dyes clearly show that RICS is a suitable technique to measure local diffusion in skin tissue. RICS provides spatially resolved diffusion information of fluorescence compounds in a noninvasive manner, which is different from other approaches such as those based on the use of Franz cells or tape stripping. In addition, the inherent optical sectioning effect of the MPEM (up to 1 mm; Helmchen and Denk, 2005) ) combined with RICS offers a rather broad axial depth range for exploring the tissue structure and associated dynamics. The major limitation of our approach, however, is that fluorescent substances are required in order to perform the experiments, and labeling of the compound of interest must be performed. This situation is problematic, particularly if the compounds of interest are on the size range of the fluorophores (i.e., small molecules), as strong modifications on the molecular structure may affect the properties of the compound of interest. This situation reflects a drawback of our approach compared with diffusion experiments obtained by other techniques in which nonfluorescent compounds can be tested (Nielsen et al., 2011) .
The use of fluorescently labeled compounds, however, offers the possibility to explore spatially resolved dynamics of different (fluorescent) molecules across the skin tissue. Skin tissue is intrinsically heterogeneous and contains areas with distinct function, such as sebaceous glands, hair follicles, corneocytes clusters, crevices, and others. One big advantage of our diffusion-based strategy is the ability to generate diffusion maps for comparative purposes, i.e., among distinct areas in the same skin sample or between healthy and diseased skin. In this work, we decided to test molecules with amphiphilic and hydrophilic characteristics and explore areas related to the location of the tissue barrier, i.e., the skin SC. From the fluorescence intensity images obtained at the SC region, we observed that both types of molecules (amphiphilic and hydrophilic) concentrate mainly in the intercellular spaces (see Figure 1 as a representative example). On the basis of this observation, one could define this region as the preferred penetration pathway for both types of molecules. However, our diffusion results show a completely different picture; i.e., even in regions where homogeneous properties are expected (such as the intercellular lipid lamellar regions or corneocytes), the diffusion coefficients of the explored compounds are very heterogeneous (see Figure 1 ). In addition, from the average diffusion values measured for these amphiphilic and hydrophobic fluorescent compounds in the skin SC (presented in the ''Diffusion of free fluorescent probes in human skin SC'' section, there is no obvious correlated trend between diffusion values and the amphiphilic/hydrophilic nature of these compounds. These observations strongly suggest that the particular chemical structure of these compounds may cause particular interactions within the SC environment, which in turn modulates their diffusion properties.
Although the availability of diffusion data in human SC is not so abundant for the compounds we tested, some comparison with previously published data is possible. For example, the values we found for the RhB using RICS are within error of the same as those reported in human SC using fluorescence recovery after photobleaching experiments (Anissimov et al., 2012) . Fluorescence recovery after photobleaching is an interesting alternative method to measure diffusion of molecules in the skin; however, in order to create 2D diffusion maps as in our RICS experiments, several areas need to be photobleached. This situation may cause potential photodamage in the specimen. In addition, RICS monitors the diffusion of single molecules, whereas fluorescence recovery after photobleaching measures the fluorescence recovery of many fluorescent molecules at once. This precludes using the particular cross-correlation analysis performed in our work done to differentiate between joint or separate diffusion of two fluorescent species at the level of single molecules. In addition, two-photon excitation FCS on sulphorhodamine B has been reported (Guldbrand et al., 2010) . In our experience, single-point FCS in skin suffers from artifacts due to photobleaching. When performing single-point FCS, it was impossible for us to separate the ''slow'' diffusion in the tissue and the artifacts from photobleaching (data not shown). The total illumination times used for the single-point FCS measurements in Guldbrand et al., (2010) (15 Â 10 seconds) is 4-5 orders of magnitudes longer than the total illumination time of a pixel in our RICS measurements. The shorter illumination time per pixel enables us to avoid artifacts from photobleaching in RICS, because the photobleaching and the diffusion take place at different time scales.
Diffusion of liposomes/transfersomes in human SC
Although it is clear that elastic vesicles have superior characteristics to rigid vesicles for the interaction with human skin (Honeywell-Nguyen et al., 2006) , it is obvious from the existing literature that there is no consensus regarding the mechanism of liposomes (transfersomes)/skin interaction. Previous transdermal penetration studies of liposomes and transfersomes have been performed using tape striping from live skin (Honeywell-Nguyen et al., 2004) and transmission electron microscopy, where images of transfersomes in the skin have been reported to document transfersome penetration into the skin (Bouwstra and Honeywell-Nguyen, 2002; Honeywell-Nguyen et al., 2006) . From a critical interpretation of these results, two mechanistic hypotheses were elaborated: (1) penetration-enhancing effect of the individual vesicle components, and (2) a drug carrier mechanism, where elastic vesicles carry vesicle-bound drug molecules into the skin, favoring a drug carrier mechanism where the elastic vesicles partition into the SC and subsequently release the drug. Alternatively, confocal fluorescence microscopy experiments have also been used to study liposome penetration in intact skin. Some studies simply follow the fluorescence signal of single-labeled liposomes across the tissue to indicate how deep liposomes penetrate (van Kuijk-Meuwissen et al., 1998; Alvarez-Roman et al., 2004; Carrer et al., 2008; Simonsson et al., 2011) . Other confocal fluorescence microscopy studies exploited colocalization analysis of two-color fluorescently labeled liposomes (Cevc et al., 2002) to indicate the extent of liposome penetration into the skin, concluding that transfersomes can penetrate unfragmented through the SC. However, it is somewhat accepted that these fluorescence microscopy studies do not provide substantial information about liposome interaction with the tissue and, moreover, do not provide conclusive information about whether or not liposomes remain intact upon penetration (van KuijkMeuwissen et al., 1998; El Maghraby et al., 2006; HoneywellNguyen et al., 2006; Bahia et al., 2010) . Considering that the average size of the liposomes is B120 nm in diameter (well below the resolution of the microscope), a positive colocalization of two-color fluorescently labeled liposomes is a necessary, but not a sufficient, condition to ascertain the presence of intact liposomes penetrating into the skin. In other words, the fluorescent species may coexist in a volume smaller than the resolution limit of a confocal microscope (typically 200-300 nm radial and 700 nm axial) without being associated. On the other hand, cross-correlation RICS can be used to detect whether two different fluorescent species of molecules diffuse together (Choi et al., 2011) . In contrast to colocalization experiments, this dynamical information provides much more conclusive information to predict whether intact liposomes penetrate the epidermis or whether they are destabilized and eventually burst during transdermal penetration.
In our experiments, the diffusion coefficients measured for the double-labeled LUVs and transfersomes are within experimental error of the same as those found for the diffusion of the free dyes in the SC. This indicates that LUVs and transfersomes are destabilized upon contact with the SC surface, consequently losing their content. This conclusion is further corroborated by the diffusion maps (see Figure 4 ) and the marked decrease in the measured cross-correlation (compared with buffer) at the surface of the tissue and total disappearance of the cross-correlation at depths of 4-6 mm. Additional support to this conclusion is given by the observed increase in the ratio of diffusing membrane dyes (RhB-PE or ATTO-647N-PE) with respect to the encapsulated dye when compared with that observed in buffer (Supplementary Figure S1d and e online) . The fact that transfersomes (Cevc et al., 1995) have been shown to enhance penetration of drugs such as insulin (Cevc et al., 1998; Guo et al., 2000; Cevc, 2003) , lidocaine, and corticosteroids (Cevc et al., 1998) is not contradicted by our results, except for the proposed mechanism of action. For the compositions tested, we do not find any evidence that intact vesicles penetrate the skin and act as carriers as proposed. Rather, it is the particular exogenous amphiphiles originating from these vesicles that may facilitate penetration of the drugs, i.e., interacting with the tissue barrier and enhancing skin permeability by a similar mechanism as J Brewer et al.
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observed for the case of oleic acid or other related compounds (Jiang et al., 2000; Sun et al., 2004; Engelbrecht et al., 2011) .
Finally, we observed that when the skin SC region is avoided by injecting the liposomes directly into the stratum granulosum/stratum basale region, a large cross-correlation is observed (Figure 2c ) between the two probes. This result shows that intact vesicles can diffuse in the lower part of the epidermis. This could be explained by the presence of relatively increased water content in the deeper layers of the epidermis (Caspers et al., 2000 (Caspers et al., , 2001 . Thus, this experiment strongly suggests that it is the environment of the SC (where the barrier function of the tissue is located) that compromises the integrity of the vesicles. We speculate that the low water activity existing in the skin SC region (Iwai et al., 2012) may very well affect the water entropic component (hydrophobic effect), causing the vesicles to lose their integrity and content as shown by our RICS experiments.
MATERIALS AND METHODS
Materials
RhB-PE, TMR-DEX, and RhB were from Invitrogen (Copenhagen, Denmark). ATTO-647N-PE and ATTO-647N-STREP were from ATTO-TEC GmbH (Siegen, Germany). POPC and L-a-Phosphatidylcholine (Soy PC) were from Avanti Polar Lipids (Alabaster, AL). Sodium cholate and all other chemicals used were obtained from Sigma-Aldrich (Copenhagen, Denmark).
Human skin samples were obtained from operations on breast reduction and abdominoplasty. Ethanoliodide for disinfection was curcumin (color) free. Samples were kept at 4 1C on a cotton swab, wetted with PBS (1.54 mM KH 2 PO 4 , 155.2mM NaCl, and 2.71 mM Na 2 HPO 4 -7H 2 O, pH 7.2) in a closed container until use. The samples were used 1-18 hours after surgery. The experiments performed in this work involving the use of human samples were approved by the Regional Research Ethics Committee of Southern Denmark and were adherent to the Declaration of Helsinki Principles (2008). Patient consent for experiments was not required, because Danish regulations consider human tissue left over from surgery as discarded material.
Methods
RICS and CC-RICS experiments.
The RICS measurements were calibrated using quantum dots fixed on a glass slide. The raw data for a RICS measurement consist of B50-100 fluorescence intensity images with scan speeds and image sizes optimized for the different diffusion coefficients in the samples. The RICS and CC-RICS analyses of the images were performed using the Globals software package developed at the Laboratory for Fluorescence Dynamics, University of California, Irvine (Irvine, CA). Immobile features in the images were subtracted as described in Digman et al. (2005b) . Briefly, in a laser scanning microscope, the images are formed by raster-scanning a focused laser across the sample and collecting the intensity in each pixel. A diffusing particle will make a track in the image and be detected in multiple pixels. This information on the spatial extent of the diffusion of particles can be extracted from the images by performing a 2D spatial autocorrelation analysis of the image (see, e.g., Figure 1c top) . The shape of the 2D spatial autocorrelation depends on the characteristics of the laser scanning microscope, as well as on the diffusion of the florescent particles, whereas the amplitude of the 2D spatial autocorrelation (G0) is inversely proportional to the concentration of the fluorescent molecules. The diffusion and concentration data can be extracted by fitting the 2D spatial autocorrelation function to a model that takes into account the pixel dwell time, line time, pixel size, and the size of the focused laser spot, as well as a model for the diffusion. When calculating the 2D spatial autocorrelation, immobile structures give a dominant contribution obscuring the detection of the contribution from the diffusing particles. Therefore, we subtract the immobile fraction by subtracting a running average from the images before calculating the 2D spatial autocorrelation. Diffusion maps were made by analyzing subregions of the images, as described in Gielen et al. (2009) . Typically, areas consisting of 128 Â 128 pixels, B6 Â 6-8 Â 8 mm 2 , were used. Statistical analysis and graphs of the measured diffusion coefficients were carried out using Sigmaplot (Systat Software, San Jose, CA).
CC-RICS can be used to detect whether two different species of molecules move together. For CC-RICS measurements, we label two species of molecules with two different fluorescent colors and collect images simultaneously for both colors in independent channels. By analyzing the data from the separate channels, we can measure the diffusion of the two species of molecules. In addition, a spatial cross-correlation between the two different channels will only detect diffusing molecules that include both colors. This enables us to discriminate between colocalization of unconnected molecules (closer together than the resolution of the microscope) and the joint diffusion of connected molecules.
The measurements of the free dyes (without lipids) were carried out in several different skin samples. The total number of measurements per dye/sample were 410. The LUV experiments were carried out using 8 different skin donors, with 450 independent measurements. Transfersome experiments made use of 6 different skin donors, with 460 independent measurements. For our experimental setup, a typical RICS measurement took between 4 and 8 minutes. No measurable differences in cross-correlation or diffusion were observed between the 1-and 5-hour labeling for any of the samples. Therefore, the presented data are representative of both conditions. Control experiments using liposomes labeled only in the membrane (ATTO-647N-PE) mixed with free (not encapsulated) TMR-DEX in buffer were also performed. These experiments showed no cross-correlation between the two probes, indicating the absence of ''cross talk'' between the two detection channels. Control experiments on unlabeled skin were performed to discard any effects from autofluorescence.
Preparation of LUVs. POPC stocks (10 mM) with or without (for unlabeled LUVs) 0.2 mol% RhB-PE or 0.02 mol% ATTO-647N-PE were prepared in 2:1 (vol/vol) chloroform/methanol. Required aliquots of the stocks were transferred to a glass tube and dried under a stream of nitrogen. The mixtures were hydrated with 15 mM ATTO-647N-STREP (RhB-PE samples) or 15 mM TMR-DEX (ATTO-647N-PE samples) in PBS (only buffer was used for the unlabeled LUVs) by vortex mixing at room temperature. The final lipid concentration was 2 mM for the labeled LUVs and 10 mM for the unlabeled LUVs. The resulting large multillamelar vesicles were extruded 20 times through a stack of polycarbonate filters of 0.1-mm pore size at 401C. Double fluorescently labeled LUVs were separated from the free dye (ATTO-647N-STREP or TMR-DEX) using size-exclusion chromatography (Sephacryl S400, Biorad, Copenhagen, Denmark). Fractions exhibiting fluorescence of both fluorophores were collected after analysis on a Fluo Star Omega plate reader from BMC LABTECH (Ortenberg, Germany). Considering the stock concentration (and the LUV suspension size distributions), we estimated 1 encapsulated dye molecule per vesicle, 50 dye molecules of RhB-PE per vesicle, and 5 molecules of ATTO-647N-PE per vesicle.
Preparation of transfersomes. A mixture of 87% (by weight) Soy PC and 13% sodium cholate was prepared as described (Cevc et al., 1998 (Cevc et al., , 2002 . The ATTO-647N-PE-and TMR-DEX-labeled transfersomes were prepared using the same method as described above for the labeled LUVs. The final total lipid concentration in the labeled and unlabeled samples was B20 mM. CC-RICS and CC-FCS measurements in buffer showed that POPC LUVs could retain their contents for several days. On the other hand, the transfersomes were less stable than the POPC LUVs. This can be inferred by a measurable increase in the vesicle size distribution at 1 day after preparation, but with still measurable crosscorrelation between the two dyes (data not shown). To avoid undesirable effects on our liposome suspensions (dye leakage, fusion, burst), we always performed the experiments with fresh transferosomes/POPC vesicles (a maximum of 12 hours after their preparation) before checking the extent of cross-correlation between the two dyes and their size distribution right before labeling the skin.
Preparation of skin samples. Samples were trimmed into 0.5-1-mm-thick 1 Â 1 cm 2 sections, washed in tap water, patted dry on the surface, and placed with the SC side up on a PBS-wetted filter paper. After nonocclusive incubation with free dyes or liposomes, the specimens were mounted on top (dermis side down) of a piece of PBS-wetted filter paper on a microscope slide. Finally, a vapor-wetted coverslip was mounted on top of the SC.
Application of free dyes. A volume of 3-10 ml of 30 nM solutions of RhB in Milli-Q water (Millipore AS, Hellerup, Denmark), ATTO-647N-STREP and TMR-DEX in PBS, and ATTO-647N-PE or RhB-PE in methanol were applied to the surface of the skin and incubated for 1 hour before fluctuation measurements.
Application of LUVs/transfersomes to skin. The labeled LUVs/ transfersomes were diluted 50-100 times either in phosphate buffer or in the unlabeled LUVs/transfersomes. Before application, the vesicles were checked for integrity and proper labeling using CC-FCS. This resulted in a final concentration of 10-40 nM of double-labeled liposomes. The FCS measurements were recorded as described in Kubiak et al. (2011) . The size of the liposomes was determined using Stokes-Einstein equation (Hink et al., 1999) . The skin was labeled with B60 ml cm À 2 and then incubated nonocclusively for 1 and 5 hours at room temperature. Owing to the fact that RICS requires measurements of intensity fluctuations, applied mixtures of LUVs/transfersomes must be kept at a very low concentration of fluorescent molecules. Therefore, to reach the typical concentrations of liposomes used in transdermal applications, the labeled liposomes were mixed with unlabeled liposomes. The total amount of lipids per unit area added to the skin is similar to that used in other transdermal penetration experiments (van Kuijk-Meuwissen et al., 1998; Cevc et al., 2002) .
Franz cell studies. The skin was trimmed and cut into 0.5-mmthick (full thickness w/o any subcutaneous tissue) 45 mm pieces and mounted on a Franz diffusion cell taking into consideration the OECD guidelines for use of the Franz diffusion cell (OECD, 2004) . The lower acceptor chamber was filled with PBS, pH 7.2, and cells were placed in a thermal heating device preset at B33 1C. The surface temperature of the tissue was measured to be 32±1 1C. The skin was labeled with 60 ml cm À 2 vesicle mixtures and incubated for 1, 5, and 24 hours.
Microscopy set-up. RICS and FCS measurements were completed using a custom-built multiphoton excitation microscope. The objective used was a 60 Â water immersion objective, NA 1.29. The laser was a Ti:Sa laser (HPeMaiTai DeepSee, Spectra Physics, Mountain View, CA), and the excitation wavelength used was 838 nm. The fluorescence signals were collected using bandpass filters ET Bandpass 572/35 nm and BrightLine HC 676/29 nm (AHF Analysentechnik AG, Tübingen, Germany). The light was split between the two detectors by a 620-DCXXR beam splitter (AHF Analysentechnik AG). The detectors were Hamamatsu H7422P-40 PMTs (Ballerup, Denmark). The experiments were carried out at 21 1C.
